Abstract This study investigated the in vitro growth characteristics and differential potential of musclederived satellite cells (MDSCs) derived from rats at different postnatal (P) stages, in order to expand the range of source material for tissue engineering. Rat MDSCs were isolated from P5, P10, P15, P21 and P42 rat skeletal muscles using double enzyme digestion and differential adherent culture. Neurogenic, osteogenic and myogenic induction media were used to induce directed differentiation. Differentiated nerve cells, osteoblasts and myotubes were identified by their morphology and immunohistochemical staining. Most cells transformed into spindle-shaped mononuclear cells after 48 h and proliferated rapidly. MDSCs were difficult to isolate from P42 rats. After neurogenesis, four groups MDSCs formed neuron-specific enolase positive polygonal-shaped dendritic cells. After osteogenesis, P5, P10, P15 and P21 MDSCs formed Alizarin red-and osteocalcin-positive bone nodules. After myogenesis, myotubes were formed and were fast muscle myosin-positive. MDSCs derived from P5, P10, P15 and P21 rat skeletal muscle are easy to isolate, culture and amplify in vitro, which increases the range of source material available for tissue engineering.
Introduction
As the population of China becomes older, age-related diseases have increasingly become a major concern in society. Sarcopenia is one such age-related disease, which is named after the Greek meaning ''poverty of flesh''. The term was first introduced by Irwin et al. in 1989 to describe age-related reduction in muscle and strength (Irwin et al. 1989) . In 2010, the European Working Group on Sarcopenia in Older People developed a practical definition of sarcopenia as the presence of both low muscle mass and low muscle function (strength or performance) (Cruz-Jentoft et al. 2010) .
Cachexia is a muscle-related disease similar to sarcopenia. Cachexia is a metabolic condition which is always associated with an underlying illness or inflammation. In the early stages, cachexia has no obvious symptoms; however, the patients continuously lose weight and undergo muscle wastage in the later stages. The symptoms of cachexia include anorexia, long-term nausea, constipation, weakness, depression and changes in physical appearance and the disease can lead to paralysis and even death (Evans et al. 2008; Tisdale 2002) . Abnormal changes in muscle metabolism occur during both cachexia and sarcopenia, indicating that a similar molecular mechanism underlies the process of muscle atrophy in both conditions.
Although numerous studies have attempted to reduce muscle atrophy and have resulted in a partial remission of this process (Grounds and Davies 2007) , these measures do not fundamentally solve the problem of how to recover the function of atrophied muscle. With the rapid development of cell biology and the rise of tissue engineering in recent years, the transplantation of muscle-derived satellite cells (MDSCs) has been considered to be the best treatment for muscle atrophy (Grounds and Davies 2007) . However, the transplanted cells are vulnerable to attack by the host immune system and may not survive long term, and the overall effects of MDSC transplantation are poor, which highlights immune rejection as an important issue in cell therapy . The better purified myoblasts led to an augmentation of transplantation efficiency (Qu and Huard 2000) . Günther and Walter (2001) found that highly purified MDSCs expressing both type I and type II major histocompatibility complex could completely avoid rapid cell death after transplantation, indicating that purification of MDSCs can prevent immune rejection. The proportion of MDSCs in skeletal muscle cells is low, approximately 1-5 % (Kuang et al. 2007 ). Therefore, in order to further research into the treatment of myopathy, it is important to develop techniques which enable the purification of sufficient numbers of MDSCs.
MDSCs isolated from the patients' own skeletal muscle can potentially be used for the reconstruction of skeletal and/or cardiac muscle in clinical practice (Arsic et al. 2008; Nolazco et al. 2008; Tamaki et al. 2008; Beauchamp et al. 2000) , which avoids the issues associated with immune rejection when using donor cells. The number of MDSCs in muscle gradually decreases to a certain level with the increase of age, and is then maintained for life. In the period after birth, the proportion of satellite cell nuclei decreases significantly. As the fusion of MDSCs occurs, the total number of muscle cell nuclei significantly increases, resulting in a net decrease of MDSCs (Rossello and Kohn 2009; Gibson and Schultz 1983) . Therefore, further research on the isolation and in vitro culture of MDSCs is crucial for the development of novel treatments for muscle disease.
In this study, we abandoned the long held idea that MDSCs can only be isolated from rat skeletal muscle within 10 days after birth (Day et al. 2010) . We explored the in vitro growth, proliferation and differentiation capacity of MDSCs isolated from rat skeletal muscle up to 42 days after birth, in order to provide a more substantial basis to identify whether MDSCs are ideal seed cells for regenerative medicine and explore their clinical applications. The study of cells cultured in stents is an indispensable, important aspect of tissue engineering (Sacco et al. 2008) . Hence, we also investigated the ability of the isolated MDSCs to adhere and grow on polylactic-co-glycolic acid (PLGA) stents.
Materials and methods

Reagents
Type I collagenase and dimethylsulfoxid (DMSO) were purchased from Sigma (St. Louis, MO, USA). Trypsin and DMEM/F12 were obtained from Invitrogen (Carlsbad, CA, USA). All antibodies were purchased from Abcam (Cambridge, U.K.).
Animals
Postnatal day (P) 5, 10, 15, 21 and 42 Wistar rats and their mothers had free access to water and standard rat chow. All studies were performed with the approval of the Experimental Animal Committee at our university.
Isolation of MDSCs
MDSCs were isolated from the leg muscle of P5, P10, P15, P21 and P42 rats according to a previously described method, with some modifications (Dorfman et al. 1998; Gharaibeh et al. 2008) . Briefly, the muscles were removed from euthanized rats under sterile conditions, soaked in 75 % alcohol for 20 min, washed with phosphate buffer solution (PBS) containing penicillin/streptomycin (15140-122; Invitrogen Corp.), cut into 1-2 mm 2 fragments, digested with 0.1 % type I collagenase (C0130; Sigma-Aldrich) or 0.1 % type IV collagenase (Sigma-Aldrich) in PBS for 1 h at 37°C in a shaking water bath, centrifuged at 150 g for 5 min and the supernatant was discarded. The pellet was resuspended in 0.25 % trypsin, incubated for 20 min at 37°C, FBS (Fetal Bovine Serum) (12664-025; Invitrogen Corp.) was added, the mixture was centrifuged and the pellet was resuspended in growth medium [DMEM/F12 (Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham) containing 20 % FBS, 10 % HS (Horse Serum)(26050-088; Invitrogen Corp.) and 1 % PS (penicillin/streptomycin)]. After repeated pipetting, the cells were passed through a 200-mesh sieve and subjected to successive centrifugation (150 g for 5 min). Cell viability was assessed using trypan blue staining.
Purification and culture of MDSCs
The MDSCs were purified using the preplate technique, as previously described (Gharaibeh et al. 2008) . Briefly, the cells were cultured for 2 h in 6-well plates which had been precoated with glutin (53028; SigmaAldrich). The adherent cells were named P0P1, and the non-adherent cells were removed, seeded into a different 6-well plate and cultured for 12 h. These adherent cells were named P0P2, and the non-adherent cells were removed, seeded into a different 6-well plate, cultured for 24 h and the adherent cells were named P0P3. The P0P1, P0P2 and P0P3 cells were cultured without removing the medium for 3 days to ensure adhesion, then the medium was replaced every 2 days and the cells were sub-cultured when 80 % confluent. Different combinations of serum (10 % FBS, 20 % FBS, 10 % HS, 20 % HS and 20 % FBS ? 10 % HS) were tested to investigate the effect of tissue age and serum on MDSCs culture.
MDSCs growth curve
MDSCs derived from P5, P10, P15 and P21 rat skeletal muscle at passage 30 were used for establishing growth curves. Cells were adjusted to 1 9 10 4 cells/mL and seeded in 24-well plates. Beginning the next day, cells were harvested from three wells for cell counting, continuing each day to generate a growth curve. After 8 days, this growth curve was generated.
Immunostaining
MDSCs were identified by immunostaining, as previously described (Elabd et al. 2007 ). Briefly, fifth passage MDSCs isolated from P5, P10, P15 and P21 rats were seeded into 24-well plates (1 9 10 5 cells/ mL), cultured to 80 % confluence, fixed with 4 % paraformaldehyde for 12 h, permeabilized with PBS containing 0.1 % (vol/vol) Triton X-100 (SigmaAldrich, St.Louis, MO) for 2 h, incubated with 3 % Bovine serum albumin (A1933; Sigma-Aldrich) for 2 h followed by 3 % bovine serum albumin (BSA) (A2058; Sigma-Aldrich) in PBS for 2 h. Primary mouse anti-desmin, mouse anti-a-sarcomeric actinin, mouse anti-myod1, mouse anti-myf5 or mouse antipax7 antibodies (1:200) were applied, incubated for 12 h at 4°C followed by incubation with FITC-labeled secondary antibodies (1:100) for 2 h, then the cells were stained with DAPI [4 0 -6-diamidino-2-phenylindole, (Sigma-Aldrich, St.Louis, MO)]. PBS was used in place of the primary antibody as a negative control; staining was visualized by fluorescent microscopy.
Induction and confirmation of MDSCs differentiation into neural cells
Four groups of rat MDSCs were pre-induced with DMEM/F12 supplemented with 10 ng/mL EGF and 10 ng/mL bFGF for 24 h. The medium was replaced with DMEM/F12 supplemented with 5 mM b-mercaptoethanol (21985-023, Gibco, Gaithersburg, MD, USA) and 10 % FBS, the cells were cultured for 6 h, washed and fresh DMEM/F12 supplemented with 2 % DMSO, 200 lM Butyl Hydroxy Anisd (20021; Sigma-Aldrich) and 20 ng/ml bFGF (G5071, Promega, Madison, WI, USA) was added. The control cells were cultured in DMEM/F12 containing 20 % FBS. The cells were observed every 1 h under a microscope, and neuronal cells were identified by neuron-specific enolase (NSE) staining, as previously described (Hermann et al. 2006 ).
Induction and confirmation of MDSCs differentiation into osteoblasts
Fifth passage MDSCs isolated from P5, P10, P15 and P21 rats were seeded into 6-well plates (1 9 10 5 cells/mL), cultured to 80 % confluence and the medium was replaced with osteoblast induction medium [DMEM/ F12 supplemented with 10 % FBS, 10 mmol/L b-sodium glycerophosphate (50020; Sigma-Aldrich), 20 nmol/L dexamethasone (D4902; Sigma-Aldrich) and 50 lg/mL ascorbic acid (A2218; Sigma-Aldrich)). The medium was changed every 3 days and differentiation was confirmed 21 days later by Alizarian red staining (Ren et al. 2000) . Cells were first washed 3 times with 150 mM NaCl then were in 70 % ethanol for 1 hour at 4°C, at last 2 % alizarin red stained for 10 minutes at room temperature. Mineral deposition was detected under phase contrast microscopy. Synthesis of the bone-specific protein osteocalcin was determined using a DAB (3,3N-Diaminobenzidine Tertrahydrochloride) assay, as previously described (Elabd et al. 2007 ).
Induction and confirmation of MDSCs differentiation into myoblasts
Fifth passage MDSCs isolated from P5, P10, P15 and P21 rats were seeded into 6-well plates (1 9 10 5 cells/mL), cultured to 80 % confluence and the medium was replaced with myoblast induction medium (DMEM/F12 supplemented with 10 % HS). When thick short or narrow long club-shaped cells were observed, the cells were stained with 5 mg/L Hoechst 33342 (Sigma-Aldrich, St. Louis, MO) to detect cell fusion. The cells were also fixed and stained using an antibody to detect myosin, a marker of muscle differentiation, as previously described (Chang et al. 2012) .
MDSCs growth on PLGA-based scaffolds PLGA sheets (P2066; Sigma-Aldrich) were sterilized, as described (Lee et al. 2007 ). Fifth passage MDSCs isolated from P5, P10, P15 and P21 rats were seeded onto the PLGA at a density of 4 9 10 5 cells/mL. When the cells grew to 80 % confluence, the cells were digested using 0.05 % trypsin to investigate whether the cells detached easily from the PLGA.
Results
Morphological observations and culture
The skeletal muscle tissues of P5, P10, P15, P21 and P42 rats were subjected to a double enzyme digestion method. Muscle bundle digestion was more rapid with type I collagenase than type IV collagenase, and trypsin was subsequently used to obtain single cells; however, the trypsin digestion time should be as short as possible. Round MDSCs could be clearly observed in the cell suspensions. The cell suspensions from P5, P10, P15 and P21 rats skeletal muscle tissues contained a high number of small, rounded MDSCs and a low number of large, mature rod myotube cells (Fig. 1a-d) , whereas the cell suspensions from P42 rat skeletal muscle tissues contained a high number of large, mature rod myotube cells and low number of small rounded MDSCs (Fig. 1e) . Additionally, there were almost no adherent cells after incubation of P42 P2P0 and P3P0 cells for 18 h. Due to the difficulty of separating rat MDSCs from P42 rats, P42 skeletal muscle tissues are not an appropriate source for the separation of primary cells, and the MDSCs from P42 rats were not included in the subsequent experiments.
In the first differential culture of the cells obtained from P5, P10, P15 and P21 rats, the adherent P1P0 cells were immunohistochemically identified as mainly fiber cells and endothelial cells (data not shown); hence the P1P0 cells were discarded. The P2P0 and P3P0 cells obtained from P5, P10, P15 and P21 rats adhered after 8 h culture, and some of these cells developed small processes. The vast majority of P2P0 and P3P0 cells transformed into spindle-shaped mononuclear cells within 48 h, with abundant cytoplasm and a high cellular refractive index. The fusiform shape became more apparent as incubation continued; after 3 days incubation cell confluency reached 80 % and the cells were passaged to obtain high purity rat MDSCs from P2P0 and P3P0 cells (Fig. 2) . DMEM/F12 containing 10 % FBS, 20 % FBS, 10 % HS, 20 % HS and 20 % FBS ? 10 % HS was used to culture the P2P0 and P3P0 MDSCs obtained from P5, P10, P15 and P21 rats, to investigate the effects of tissue age and serum on the culture of MDSCs. In 20 % FBS medium, the second passage cells initially grew vigorously. Over the next few days, a number of rod-like cells with a high refractivity appeared, then the length and quantity of rod-shaped cells gradually increased; the volume of these cells was significantly larger than a single MDSC. Nuclei could be clearly observed at the swollen part of cytoplasm, indicating the formation of myotube cells. The rate of differentiation of cells cultured in FBScontaining media varied and the growth rate of cells cultured in 10 % FBS medium was slower than cells cultured in 20 % FBS medium. The cells cultured in different concentrations of HS-containing medium underwent a similar pattern of growth but slower than cells cultured in FBS media. Therefore, 20 % FBS ? 10 % HS-containing medium was selected as the in vitro growth medium for MDSCs for all subsequent experiments (data not shown).
Growth of MDSCs
Thirtieth passage MDSCs obtained from P5, P10, P15 and P21 rats entered exponential growth phase between day 2 and 3, and reached a growth plateau between day 6 and 7. The growth rate of four kinds of MDSCs was not significantly different (P [ 0.05) (Fig. 3) .
Identification of MDSCs by immunohistochemistry
Positive desmin, a-sarcomeric actinin, MyoD1, Myf5 and PAX7 immunostaining were observed to be densely distributed in the nucleus, while the DAPIpositive nuclei were immunonegative (Fig. 4) .
Induction of neurogenesis in MDSCs
After pre-induction for 24 h and formal induction for 6 h, MDSCs did not undergo obvious morphological changes. After 2 h, the cell bodies became conical, triangular or round in shape with multiple protrusions Fig. 1 Morphology of the single cell suspensions isolated from rats at different postnatal (P) days using the double enzyme digestion method (9100). a-e Cell suspensions isolated from P5 rats (a), P10 rats (b), P15 rats (c), P21 rats (d) and P42 rats (e). The size of the scale bar is 100 lm resembling axons, the ends of which were primary and secondary bifurcated dendrites. For control group showed no obvious morphological changes. Immunohistochemical analysis demonstrated that the differentiated cells all expressed NSE at 2 h after induction ( Fig. 5a1-d1) ; the control (non-induced) groups did not express NSE (Fig. 5a2-d2 ).
Osteogenic induction
During osteogenic induction, MDSCs obtained from P5, P10, P15 and P21 rats formed obvious bone nodules, as indicated by Alizarin red staining. At the initial stage of induction, the MDSCs displayed monoclonal-like growth and changed from spindleshaped to irregularly-shaped cells. On the eighteenth day of induction, typical monoclonal cells appeared and the cells began to gather. After the twenty-first day of induction, the cells aggregated and formed obvious knots of ossification, which could be stained bright red using Alizarin red ( Fig. 6a-d) . When seeded at the same density, the number of bone nodules formed under osteogenic induction by MDSCs obtained from P15 and P21 rats was greater than the MDSCs obtained from P5 and P10 rats (Table 1. ). Immunohistochemical staining demonstrated that osteocalcin was expressed in the osteogenic cells differentiated from MDSCs obtained from P5, P10, P15 and P21 rats rats (m-q) and P21 rats (s-w). f, l, r and x are the corresponding negative control cells (PBS was used instead of a primary antibody). All images are 9100; nuclei are counterstained with DAPI (blue). The size of the scale bar is 100 lm (Fig. 6a1-d1) ; no expression of osteocalcin was detected in the control (non-induced) groups ( Fig. 6a2-d2 ). These results indicated that MDSCs obtained from P5, P10, P15 and P21 rats could be induced to differentiate into osteoblasts.
Myogenic induction
At 72 h after the addition of myogenic induction medium, the MDSCs obtained from P15 and P21 rats began to fuse, and gradually and regularly arranged in parallel to each other in a single direction to form short, thick, multicore myotube cells. As time passed, cell density increased, the integration between the cells became more extensive, and the number and length of the myotube cells increased markedly (Fig. 7c, d ). MDSCs obtained from P5 and P10 rats began to integrate 5 days after myogenic induction, leading to obvious myotube cell formation (Fig. 7a,  b) . DAPI staining revealed the presence of multiple nuclei in the same myotube, and immunohistochemical staining demonstrated the cells were fast muscle myosin-positive ( Fig. 7a1-d1) ; the cells of the control (non-induced) groups were fast muscle myosin negative ( Fig. 7a2-d2 ). These results indicated that MDSCs obtained from P5, P10, P15 and P21 rats could be induced to differentiate into myogenic cells.
Attached growth of rat MDSCs on PLGA
Six hours after the cell suspensions were added, MDSCs obtained from P5, P10, P15 and P21 rats began to adhere to the PLGA carrier. After 2 days, adhesive cell growth along the stent fiber could be observed using DAPI staining. The medium was replaced with fresh medium every other day, and when the cells covered 90 % of the PLGA surface (Fig. 8) , 0.05 % trypsin was added, incubated for 1 min at 37°C and the non-adherent cells were collected by repeated blowing and suction with a pipette, followed by centrifugation (150 g for 5 min). A similar number of cells were collected from each group. As culture continued, the trypsinised PLGA inserts began to degrade at week four and completely degraded in the eighth week. These results suggested that MDSCs MDSCs isolated from P5 rats (a1), P10 rats (b1), P15 rats (c1) and P21 rats (d1); a2-d2 are the uninduced control cells corresponding to a1-d1. All images are x100; nuclei are counterstained with DAPI (blue). The size of the scale bar is 100 lm
Cytotechnology (2015) 67:397-408 403 obtained from P5, P10, P15 and P21 rats could adhere and grow on PLGA, with no significant differences in the rate of cell proliferation rate or morphology during their growth on PLGA. Additionally, the MDSCs could be easily collected from PLGA and are therefore suitable as seed cells for transplantation during tissue engineering.
Discussion
The choice of optimal seed cells is crucial during tissue engineering. At present, the major seed cells used are embryonic stem cells, bone marrow mesenchymal stem cells (MSCs), umbilical cord blood MSCs and adipose MSCs. Embryonic stem cells can be induced to differentiate into various tissue cells; however, there are significant ethical issues which limit their practical application (Wobus and Boheler 2005) . It is generally believed that bone marrow MSCs are an ideal seed cell for tissue engineering; however, MSCs are very rare, even in the bone marrow. Additionally, bone marrow biopsy induces significant trauma and pain to the patients, and only a limited volume of bone marrow can be collected. Therefore MSCs are not conducive for clinical applications on a large scale. The sources of umbilical cord blood MSCs are limited, and the cells are difficult to isolate and expensive to preserve, which limits the potential of these cells in clinical applications. There are rich sources of adipose MSCs and their separation is relatively easy; however, a smaller number of adipose MSCs can be isolated from adipose tissue compared to the number of MDSCs separated from skeletal muscle tissue of the same weight, and adipose MSCs grow more slowly than of osteocalcin (DAB staining; yellow) after osteogenic induction of fifth passage MDSCs isolated from P5 rats (a1), P10 rats (b1), P15 rats (c1) and P21 rats (d1); a2-d2 are the uninduced control cells corresponding to a1-d1. All images are 9100. The size of the scale bar is 100 lm Three methods of bone nodule formed in rat MDSCs after osteogenic induction were carried out using the same cell density
MDSCs (Guilak et al. 2006) . Humans have a rich supply of muscle tissue which can be harvested easily, and a large number of MDSCs can be isolated from a small quantity of tissue. MDSCs have been confirmed to have the potential to differentiate into a variety of mesoderm and ectoderm-derived cells (Baksh et al. 2004) . As skeletal muscle is a rich source of MDSCs and autologous transplantation can avoid many ethical A variety of methods have been reported for the separation and purification of skeletal muscle satellite cells, such as direct separation from the muscle bundle and isolation according to cell surface markers using flow cytometry and immunomagnetic separation (Jankowski et al. 2001) . However, the desired effects are often not achieved and these in vitro procedures are complex and often become contaminated. Most research has been limited to skeletal muscle satellite cells derived from rats within 10 days after birth. In this study, MDSCs were separated from rats up to 42 days old using a simple double enzyme digestion and differential adherent culture method, which greatly expands the range of source material for tissue engineering research. Subsequently, the cells were classified on the basis of their time of attachment during the differential adherent culture method (QuPetersen et al. 2002) . P2P0 and P3P0 cells were cultured to establish MDSCs, and the continuous culture of multiple generations of cells proved that the isolated cells had a high degree of self-renewal ability. Additionally, the growth rate of MDSCs derived from P5, P10, P15 and P21 rats did not significantly differ up to the thirtieth generation. Moreover, we observed that high concentrations of horse serum were necessary for the subculture of rat MDSCs; however, low concentrations of horse serum were conducive for the differentiation of rat MDSCs into myotubes .
Immunohistochemical staining for desmin, a-sarcomeric actinin, MyoD1, Myf5 and PAX7 confirmed that the cells were MDSCs. The progeny of satellite cells have different fates in culture. Desmin is intermediate filament protein, one ingredient of the cytoskeleton, which is specifically expressed in muscle fibers, and positive desmin immunostaining confirmed that the isolated cells were myogenic. Original satellite cells express the transcription factor PAX7, while activated satellite cells express both PAX 7 and MyoD (Huard et al. 2003) . As activated satellite cells proliferate and differentiate, the expression of PAX 7 is downregulated, and the myogenic regulatory factors Myf5, MyoD, myogenin and MRF4 are only found in activated satellite cells, where they mediate the activation of skeletal muscle specialization genes and induce the differentiation of satellite cells (Seale and Rudnicki 2000) .
MDSCs have a variety of potential applications in tissue engineering, such as the repair and reconstruction of skeletal muscle, cardiac muscle, bone, cartilage and peripheral nerves (Zammit et al. 2002; Seale and Rudnicki 2000; Deasy et al. 2008; Payne et al. 2007; Lee et al. 2007; Kornegay et al. 2010) . In 1991, Law et al. (1991) transplanted MDSCs for the treatment of Duchenne muscular dystrophy for the first time. Although the overall effect was poor, MDSCs still demonstrated good potential for the treatment of this myopathy.
In this study, after culturing the MDSCs in neurogenesis induction medium, the cell membranes formed obvious axonal and dendritic structures, and the cells were NSE-positive, a characteristic of nerve cells. After culture in osteogenic induction medium, the MDSCs formed bone nodules and the osteoblastspecific protein osteocalcin was expressed, providing preliminary evidence that the MDSCs had the potential to differentiate into osteoblasts. Additionally, 2 % horse serum could induce the rat MDSCs to differentiate into myotubes. Taken together, these results indicate that the MDSCs isolated from P5, P10, P15 and P21 rats had a certain degree of pluripotency and were reliable somatic stem cell lines.
At present, there are several problems in MDSCs transplantation treatments, inducing the low survival rate of cells after direct transplantation (Nolazco et al. 2008) . One method to solve this important problem in tissue engineering is to transplant a large number of cells after attachment to a scaffold material, however, this approach requires a rich source of cells. In previous studies, the research materials have been limited to skeletal muscle tissue harvested from rats within 10 days of birth (Day et al. 2010 ). This study demonstrates that MDSCs can be isolated from the skeletal muscle tissue of rats up to 3 weeks after birth, thus expanding the source material for MDSCs. The adherence of MDSCs to an appropriate material both in vivo or in vitro is essential for cell migration, proliferation and differentiation (Lee et al. 2007) , and the ability of inoculated seed cells to proliferate on tissue engineering scaffolds is an important indicator of clinical feasibility (Collins et al. 2005) . The tissue engineering scaffold material PLGA used in this study has a three-dimensional interlinked pore structure, which provides space for the attachment and proliferation of seed cells (Su et al. 2011; Makadia and Siegel 2011) and also enables efficient nutritional supply and metabolite discharge when the cells are cultured in vitro or grow in vivo. Our morphological observations indicated that the MDSCs derived from P5, P10, P15 and P21 rats adhered well and proliferated at a steady rate on PLGA scaffolds, suggesting that all four groups of rat MDSCs could take full advantage of the nutrients in the medium and secrete extracellular matrix.
Conclusion
Isolation of MDSCs from the skeletal muscle of rats up to 21 days old using the simple double enzyme digestion and differential adherent culture method can provide MDSCs with multi-directional differentiation potential, which can also adhere and grow on PGLA scaffolds. This study increases the range of source material available for research into suitable seed cells for tissue engineering and regenerative medicine.
